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ABSTRACT

As a new application of hydrotalcite-like compounds, sulfate-functionalized carbon/metal-oxide nanocomposites have been prepared at relatively
low temperatures in a single step, in which interlayer sulfonated polymeric anions are catalytically converted to the nanocarbons (secondary
phase) while CoAl-containing brucite-like sheets are converted to the metal oxide matrices. The chemical composition and structure of
nanocomposites can be controlled via selecting chemical functional groups in the intercalated polymeric anions and varying processing
conditions.

In recent years, the investigation of layered double hydroxide R —

materials (LDHSs, anionic clays) becomes an active field in S o n
layered materials research owing to their many important (o]
applications:®> Among the LDHSs, hydrotalcite-like com- NN ¢ o o
pounds (HTlcs) have attracted great attention due to their R__R R __R__Heating (o C

synthetic flexibility in preparing catalyst and ceramic precur-
sors and in tailor-making adsorbents, medicine stabilizers,
and ion exchangefs’ In the HTIcs, both divalent and
trivalent cations are located in the center of oxygen octahedra
formed by six hydroxyl groups of the two-dimensional Figure 1. Schematic representation of the single-step nanocom-
brucite-like sheets.? To balance the extra charges carried posite synthesis via thermal decomposition of (poly)vinyl sul-
by trivalent cations, anions have to be intercalated into the fonate-HTlc sample (R= —SG;").

interbrucite-like sheet space (interlayer space) during the
synthesis, which leads to the formation of a sandwich-like
structure alternately stacked in the vertical direction of the
sheets ¢-axis), forming a 3D structurk:?

Figure 1 illustrates a schematic view of transition-metal-
containing hydrotalcite-like compounds studied in this work.
Considering this polymeric anion-pillared HTlc, we realize
that the compound actually composes itself an organic
inorganic layered hybrid. In particular, both metal hydroxide
layers (i.e., brucite-like sheets) and anion layers (in interlayer
space) can be considered as starting reagents for possibl
solid-state reactions. Upon thermal treatment, the brucite-
like sheets will be decomposed into metal oxides, which can
also serve as in-situ generated catalysts, while the intercalate(ilik
polymeric anions may be catalytically converted into a
secondary component to metal oxide matrices. Indeed, very

Metal oxide Nanocarbons

Hydrotalcite-like compounds Nanocomposites

recently, we found that the thermal decomposition temper-
ature of a class of newly synthesized CoMgAlTIcs
decreases as the content of cobalt increases; the catalytic
effect of cobalt on nanocarbon (with an internal cavity)
formation had thus been confirmé&th this letter, we extend
our previous work to include polymeric anions that bear
chemical functional groups on their long hydrocarbon
backbones. In this method, the alternately arranged cobalt-
containing brucite-like sheet (catalyst) and the polymeric
nion layer (reactant) are “blended” at the molecular level
Figure 1) for the synthesis of sulfate-functionalized carbon/
metal-oxide nanocomposité?
The (poly)vinyl sulfonate containing CoAhydrotalcite-
e compound was synthesized by coprecipitation of 20 mL
nitrate salt solutions (C@/Al*3 = 2:1, 1.0 M for total metal
ions) in 100 mL ammoniacal solution ([NHH,O] = 0.5

* To whom correspondence should be addressed. F&5 874 2896. M) mixed with So_dium_(pOIy)Vinyl sulfonate (N_&PVS;
Telefax: +65 779 1936. E-mail: chezhc@nus.edu.sg. Aldrich, [-SG57] (in PVS) = 0.2 M) and then aging at 65
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Figure 2. XRD pattern for (poly)vinyl sulfonateHTIc sample
(Cop.67Al 0.35(OH)2 (—CHCHSG;—)0.400.7H:0).

°C for 18 h under N bubbling, followed by filtration and
washing several times with hot deionized water<80 °C)

to remove excess PVS, the precipitate was also dried in

vacuo overnight. The obtained (poly)vinyl sulfonatdTlc
was calcined respectively under flowing purified air or
nitrogen (40 mL min') for 2 h at 400°C. The heated
samples £50 mg each) were also treated with 10 mL of
2.0 M HCI solution under gentle heating to dissolve the
matrices of metal oxides, followed by thorough washing with
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Figure 3. XRD patterns for nanocomposites prepared by heating
(poly)vinyl sulfonate-HTIc sample (Cgg7Alo35OH)(—CH,-
CHSO;—)0.400.7H,0) respectively in nitrogen and air at 40C

for 2 h.

Table 1: FWHM Analysis for Metal Oxide Matrices in the
Nanocomposites Prepared at 40D for 2 h

crystallite size
(in air)2

crystallite size

phase phase (in Np)2

(220) ~5 nmP
(311) ~8 nmP

spinel amorphous <5nm

aCalcined at 400C for 2 h.? Crystallite size calculated from respective
diffraction peaks.

deionized water; this purification process gives black residues As shown in Figure 3 and Table 1, XRD investigation on
that contain carbon nanoparticles (CNPs) for all the heated 400°C-heated (poly)vinyl sulfonateHTIc sample indicates

samples!1?
Structures of the (poly)vinyl sulfonateHTIc and its

that the structural phase of the metal oxides can be selected
by choosing suitable calcination atmospheres. For example,

decomposed products (sulfate-functionalized carbon/metal-oxidative gas stream (air) gives a cubic spinel phase of
oxide nanocomposites) were investigated by the X-ray Co'Co/"Al,—O, (x ~ 1, based on the Co/Al ratio in the

diffraction method (XRD; Shimadzu XRD 6000, Cu,K

as-prepared (poly)vinyl sulfonatédTIc) in which cobalt

radiation). Sample chemical analysis was carried out with cations are in mixed oxidation states #2 and+3, and

inductively coupled plasma measurements (ICP; Perkin-

Elmer ICP OPTIMA-3000), CHNS analysis (Perkin-Elmer

inert stream (N results in amorphous Cédoped alu-
minal> 17 These observations suggest that the cobalt cations

2400 CHNS analyzer), thermogravimetric analysis (TGA; act as the catalyst for the formation of CNPs in the

Shimadzu TGA-50), Fourier transform infrared spectroscopy decomposition of the functionalized polymeric anions.

(FTIR; Bio-Rad, KBr pellet technique), and X-ray photo- Although these reactions take place within the solid phase,
electron spectroscopy (XPS; AXIS Hsi-165-Ultra, Kratos, the same catalytic role of the low valence state metals has
Al K, 1486.8 eV, analyzer pass-energy at 20.0 eV). The acid-been observed in vapor-phase growths of CNPs, in which
separated CNPs were also characterized with high-resolutionpartially reduced cobalt oxides are attributed to the active
transmission electron microscopy (HRTEM; Philips FEG catalytic component responsible for the formation of CNPs

CM300, at 300 kV).

The XRD pattern of as-prepared (poly)vinyl sulfonate
HTIc is displayed in Figure 2, which indicates the precipitate
is indeed in the hydrotalcite phase. Different from the vertical
pillaring of [CsH4(COOY]? 8 the polymeric anions{CH,-
CHSG:—],." lie horizontally owing to the long hydrocarbon
chains. The nearest interbrucite-like sheet distadgg) (is
estimated to be 13.4 A, which is almost identical to that
reported in the literature for a PVS-pillared CoAlydro-
talcite-like precipitate doos = 13.3 A; its experimental

in the solid-vapor interfacé!12.18.19

An analysis of XRD diffraction peaks (full-width-at-half-
maximums, Table 1; Scherrer's meti€dndicates that the
average crystallite size of air-prepared'Ca" AlO, spinel
matrix is about 5-8 nm [using (220) and (311) peaks of the
spinel phase, respectively], noting that the nitrogen-prepared
oxide sample is largely amorphous, although the same two
peaks can still be recognized. Nanocarbons in the sulfate-
functionalized carbon/metal-oxide nanocomposites can be
observed with the HRTEM method after an acid separation.

procedure was not given and the chemical formula of the Some representative HRTEM images are shown in Figure

precipitate was not determinetf)On the basis of ICP/CHNS/
TGA investigation, the chemical formula for this (poly)vinyl
sulfonate-HTIc can be written Cgs7Al¢35OH)(—CH,-
CHSQ_)OA()'O.?HzO.

704

4. As can be seen, the carbon phase contains multiwalled
CNPs with an average interwall distancgog) of 0.34~0.35

nm; several to 40 graphene layers are observed in these
CNPs. In general, they have short tube lengths of 20 to 100
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' 10 ' ' : Sy e ; o Table 2: Results of Elemental Analysis (in weight percentage)

ShRrre e AR R Ty DO for the Nanocomposites Prepared at 4@0for 2 h

heating condition C% H% N% S%

calcined in air 8.003 1.418 0.680 11.355
calcined in nitrogen 8.934 0.934 0.363 10.754

2 In Nitrogen

c

=]

2

g | oy —

= 23 o

£ T 8

s

c In Air

o

7]

2

Ve

@0 -8 4

c g © i

S F

I_ T T T T T T T
2000 1500 1000 500 0

Wavenumber (cm”)

Figure 5. FTIR spectra for the sulfate-functionalized carbon/metal-
oxide nanocomposites after heating the (poly)vinyl sulfonéi€lc
sample respectively in air and nitrogen at 4@ for 2 h.

using the inert atmosphere. One important feature in this
synthetic technique is that further chemical modification of
composites can be achieved by introducing functional groups
to the intercalated anions, such as th&SP;] in the vinyl
sulfonate anion for the present case. In catalytic applications,
incorporation of SG~ into metal oxide matrices (such as
ZrO, and ALOs) is often desired to generate greater acidity
for the shape selective composité8With the intercalation

of (poly)vinyl sulfonate anions, the sulfur content in the
composites is still high even after heating at 4@ The

Figure 4. Representative HRTEM images of CNPs separated from FTIR study in Figure 5 further confirms the existence of
nanocomposites (heated in nitrogen) via acid treatment: (a) a buckysulfate ions S¢¥~ in these heated samples, where wave-
onion and (b) an assembly of polyhedral CNTs. numbers at 1161 and 1105 chare assigned to the splitting

of v mode of S@ and 614 cm? to the v, mode of the
nm with outer diameters in the range of 10 to 35 nm. Other same anion% while 660 and 570 cmt are attributed to
morphologies of CNPs have also been observed, such asvi—O vibrational modes in spinel§:1¢
oval-shaped, polyhedral, and onion-like fullerenes that are Surface analysis with XPS shows that in addition to the
commonly observed in vapor-phase growth¥. One im- formation of —-C—0O— (C 1s, BE= 286.3 eV) and-COO—
portant finding in this work is that the nanocarbons all have (C 1s, BE = 288.5 eV) specie%;?® both cobalt (two
empty cavities (fullerene-type), which had not been reported components of Co 2p at BE = 782.0 and 784.5 eV
in previous reports for the thermal degradation of MgAIl- respectively) and sulfur (S 2p at BE 169.3 eV) are found
hydrotalcites’ The formation of these fullerene-based nano- on the CNPs. Clearly, the external surfaces of CNPs in the
carbons can be attributed to the confinement effect of the latter case are also modified with $Othat are connected
hydrotalcite-like structure, which could be a crucial factor to the cations in cobalt sulfate (Co 22p BE = 784.5 eV),
in the first step of the carbonation process. Furthermore, it noting that the C6Co" AlO4 spinel species is also found in
should be mentioned that there have been many chemicathe surface region (Co 2p BE = 782.0 eV)}"?* It is
technigues to open the fullerene-like caps of the CNmfs. believed that the presence of $Oand thus electrostatic
desired, the nano-cavity of CNPs can be further opened withattraction on the surface is the cause for the cobalt cation
a suitable oxidizing reageft. retention on the CNPs.

As reported in Table 2, the chemical composition of the  We have reported several unique features of this single-
final nanocomposites depends strongly upon the processingstep synthesis of carbon/transition-metal-oxide nanocom-
method and intercalated anionic species. For example, theposites. Nonetheless, the further work in design and control
carbon content (and thus CNPs) is generally higher when of the porous structure and chemical reactivity remains
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